We report the complete genome DNA sequences of HK97 (39,732 bp) and HK022 (40,751 bp), double-stranded DNA bacteriophages of Escherichia coli and members of the lambdoid or l-like group of phages. We provide a comparative analysis of these sequences with each other and with two previously determined lambdoid family genome sequences, those of E. coli phage l and Salmonella typhimurium phage P22.
Introduction
The double-stranded DNA (dsDNA) tailed bacteriophages are very likely the most numerous group of life forms in the biosphere (Bergh et al., 1989; Wommack & Colwell, 2000) , and they may be nearly as ancient as their bacterial and archael hosts. This group of viruses constitutes a valuable resource for investigating such issues as the genetic structure and mechanisms of evolution in a large population. The availability of methods for facile DNA sequence determination, together with the modest sizes of phage genomes, means that such studies can be carried out at the resolution of the genome sequence.
We report here the genome sequences of two members of the lambdoid family of phages, Escherichia coli phages HK97 and HK022. In analyzing their sequences, we emphasize a comparison between these two phages and with two other lambdoid genomic sequences, those of E. coli phage l (Lederberg, 1951; Sanger et al., 1982) and Salmonella typhimurium phage P22 (Zinder & Lederberg, 1952) . The lambdoid phages are temperate phages, de®ned (Campbell & Botstein, 1983) as being capable of productive genetic recombination with l, the prototype of the group. l and P22 are among the best studied of viruses, with all major aspects of their life-cycles having received detailed scrutiny over nearly the past 50 years. l was identi®ed in 1951 (Lederberg, 1951) as a prophage in the K12 strain of E. coli, which had been in laboratory culture since its isolation from a human patient in California in 1922. P22 was isolated in 1952 (Zinder & Lederberg, 1952) as a prophage from S. typhimurium strain LT22, which was isolated in either Sweden or Chile (the record is equivocal) prior to 1948 (Lilleengen, 1948) . HK97 and HK022 were both isolated in about 1975 in Hong Kong (Dhillon et al., 1980; Dhillon & Dhillon, 1976) . HK97 has been studied primarily with regard to assembly and structure of the head (Hendrix & Duda, 1998) , and studies of HK022 have concentrated on early functions, including regulation of transcription, prophage integration, and immunity (Weisberg et al., 2000) .
Comparisons of lambdoid phage genome relationships and organization were ®rst carried out about 30 years ago by the method of DNA heteroduplex mapping (Simon et al., 1971) , and a number of additional studies have been carried out using genetic and DNA sequencing methods. These studies indicate that the lambdoid phages share a common order and organization of genetic functions along their genomes and that they appear to have a mosaic structure, with some regions of the genome matching in sequence and other regions not, in any particular pairwise comparison of lambdoid phages. These data have supported some rather detailed discussions of the mechanisms by which these viruses evolve (Botstein, 1980; A. Campbell, 1988; A. M. Campbell, 1994; Casjens et al., 1992; Susskind & Botstein, 1978) , and data from other phages, particularly the virulent phages of E. coli and phages of various Gram-positive hosts, suggest that these principles apply more generally (Monod et al., 1997; Lucchini et al., 1999; Ford et al., 1998) . The availability of enough complete genome sequences to allow multiple pairwise comparisons of lambdoid phage genomes at the level of DNA sequence, as we report here, allows the existing view of lambdoid phage evolution to be re®ned and ampli®ed, and contributes to a still very incomplete picture of the population structure of the lambdoid phages. Somewhat unexpectedly, these studies also lead to inferences about some functional aspects of the phages, which would have been much less evident without the comparative approach taken here.
Results

Genome sequence determination
We determined the nucleotide sequences of the genomes of bacteriophages HK97 and HK022 using the dideoxy-terminator method (Sanger et al., 1977) on libraries of random clones, as described in Materials and Methods. HK97 has a genome of 39,732 bp of DNA, and HK022 has 40,751 bp of DNA. The two sequences are identical in the regions surrounding the maturation cleavage site, and by sequencing off the ends of virion DNA, we established that both phages have ten base 3 
Assignments of probable genes
We identi®ed open reading frames and assigned probable start sites for genes primarily by visual inspection of six-frame translations of the DNA sequences, supplemented with predictions of coding potentials from the GeneMark program (Borodovsky & McInich, 1993) and the programs of the Staden sequence analysis package (Staden, 1986) . In almost all cases, assignment of probable gene start sites was unambiguous, based on the presence of an initiation codon (AUG, except for one case of GUG in HK97 and four cases in HK022), appropriately related to a plausible ShineDalgarno ribosome-binding sequence and situated toward the beginning of an open reading frame with good coding potential. In roughly 60 % of the genes assigned in this way, the initiation codon is within 15 bp of and frequently overlapping the termination codon of the upstream gene. For the majority of the exceptions to this rule of close packing, the space between genes accommodates a known or suspected transcription control signal. For a small number of genes (genes 6 and 42.1 of both phages, genes 8 and 57 of HK022) there is no plausible Shine-Dalgarno sequence in the usual position, and we have no evidence about the functionality of these genes. In the case of genes 6, a possible Shine-Dalgarno sequence does occur farther upstream, positioned in such a way that it might be brought into position by formation of a stem-loop structure in the mRNA. (Such an arrangement has been suggested for gene 38 of phage T4 (Gold, 1988) . ) We established various degrees of con®rmation of these gene assignments by several different means. Roughly half of the genes of each of the HK phages are homologous to genes in phages l or P22 (and occasionally other lambdoid phages), as judged by sequence similarities that range from $30 % identity in the predicted amino acid sequences up to 98 % identity in the nucleotide sequences. Most of these l and P22 genes have been characterized functionally, and we have assumed that their start sites and functions carry over to the homologous genes of HK97 and HK022. This group of genes includes the cI, cII, cIII, N and Q regulatory genes (l nomenclature), DNA replication genes, generalized and sitespeci®c recombination genes, lysis genes, some of the genes located to the right of the DNA replication genes, tail ®ber genes, and half of the tail genes. In earlier studies (Duda et al., 1995a,b) , we characterized the products of three HK97 head proteins, including determining their amino-terminal amino acid sequences, and these data con®rm the gene assignments. The head gene region of the HK97 sequence is nearly identical with the corresponding part of the HK022 sequence, and patterns of head proteins on an SDS/polyacrylamide gel are indistinguishable for the two phages (R.W.H., unpublished results), so we have carried these assignments over to HK022. We have determined the amino-terminal sequence of the major tail subunit for HK022 (data not shown), and these data identify the corresponding gene and con®rm its start site. Many of the early genes of HK022 have been characterized genetically and biochemically in other laboratories (summarized by Weisberg et al., 2000) , and these studies have guided, and agree with, our analysis of these HK022 genes. As reported previously , HK022 carries a copy of the insertion sequence IS903. Neither phage appears to encode any tRNA.
As expected from numerous earlier studies on lambdoid phages (Campbell, 1994) , the order of genetic functions in the HK phages, to the extent they can be assigned, is the same as in l and other members of the lambdoid group of phages. By assuming that this similarity of gene order applies as well to genes that cannot otherwise be assigned, we have assigned tentative functions to a number of other genes. This is particularly successful for the head and tail genes of HK97, which have a nearly one to one correspondence with the head and tail genes of l, though not always any detectable sequence similarity. Tables 1 and 2 give complete lists of the genes we have identi®ed for HK97 and HK022, respectively, together with our functional assignments and the basis for each assignment. In total, we have identi®ed 60 genes in HK97 and 69 in HK022. Our scheme for naming these genes is described in Materials and Methods.
Genome sequence comparisons: genetic mosaicism
Ancestral recombination sites Figure 1 shows the genome map of HK97, together with representations of the degree of sequence similarity across the genome between HK97 and HK022, l, and P22. A striking feature of these comparisons is that different segments of the genomes match between two phages to different degrees. Thus, for example, l and HK97 match each other at >95 % DNA sequence identity in the area of the cI and cro genes, but on either side of this region there is a sharp transition to a segment in which the two genome sequences do not match detectably at all. A fundamental assumption in our interpretation of these results is that such transitions identify sites of recombination in the ancestry of one of the two phages being compared. Note that such a recombination event must necessarily be of the``non-homologous'' or``illegitimate'' variety, i.e. between two largely non-similar sequences, since an homologous recombination event could not give rise to a transition in degree of similarity to a reference phage sequence. The evident result of these recombination events is that individual phages of this family are genetic mosaics, drawing sequences from a shared pool.
Recombination between genes
When we examine the sites of these sequence transitions, i.e. the putative sites of ancestral recombination, we ®nd that the great majority of them are located at gene boundaries. Figure 2 illustrates this in a comparison between HK97 and l in a portion of the region to the right of the DNA replication genes (the nin region in l). The sequence shown includes the two phage open reading frame (ORF) 146s (HK97 gene 61), which are 96 % identical in nucleotide sequence and are followed by genes that are non-homologous between HK97 and l. The similarity between the shared genes persists until the last base of the termination codon, after which the sequences diverge completely. Figure 2 shows a comparison between HK97 and P22 in the same region; in this case, the apparent recombination point is several codons upstream from the end of the genes. These examples are representative of what we see throughout the genomes: the putative crossover points are sometimes exactly at the gene boundaries but can occur a short distance away. In the case of genes that are separated by substantial amounts of non-coding sequence, e.g. cro and cII or Q and S, our analysis indicates different crossover points in different pairwise comparisons, located within the intergenic region.
The observations described above argue against a site-speci®c recombination mechanism directed at gene boundaries as the source of the sequence transitions. We favor an alternative model, in which the location of recombination events is not initially restricted but the only phages that survive to be analyzed by us have had recombination events that do not diminish the functionality of any phage-coded protein on which natural selection acts. This would presumably disfavor survival of the results of most (illegitimate) recombination events that occur within protein-coding regions. Support for this point of view comes from examining the few examples our comparisons do provide of such recombination events within coding regions.
Recombination within coding regions
Both HK97 and HK022 have generalized recombination genes that match those of P22. Figure 3 shows a comparison between the recombination regions of HK97 and P22. The two phages have similar sequences (92 % amino acid identity) for the abc2 gene, which encodes a recombinationmodulating function that interacts with the P22 Erf recombination protein and with cellular recombination functions (Murphy et al., 1987b; Poteete & Volkert, 1988) . In the position of P22 gene abc1, which encodes another recombination-modulating protein, there is no matching sequence in HK97, but there is a sequence-dissimilar gene in that position. In the third P22-encoded recombination gene, erf, there is evidence for a recombination event within the coding region. The resulting sequence transition occurs at approximately codon 150 in this 200 codon gene, with the result that the amino-terminal three-quarters of the two Erf proteins are predicted to be 89 % identical in amino acid sequence and the carboxy-terminal quarters are predicted to be 31 % identical. Previous studies (Murphy et al., 1987a; Poteete et al., 1983) showed that Erf is a two-domain protein and that the two domains can be visualized separately by electron microscopy, separated by protease treatment, and assigned different functions. The domain boundary identi®ed in the earlier studies corresponds with the location of the putative recombination site we see here, and we suggest that the hybrid protein produced as a result of the recombination event allowed the phage carrying its gene to survive because the recombination occurred at a location, the domain boundary, that had minimal effect on the ability of the protein to carry out its functions.
(Note also that the sequence relationships shown in Figure 3 suggest an hypothesis about how the three recombination proteins work together based on which sequences have segregated together through evolution; namely, that the large aminoterminal domain of Erf may interact with Abc2 while (more tentatively) the carboxy-terminal domain of Erf may interact with Abc1.)
A second example is derived from comparison of the l and HK022 integrases. From the beginning of the integrase genes to codon 55, the two predicted proteins are identical in amino acid sequence (corresponding to 97 % identity in nucleotide sequence), and following that point they are only 69 % identical in amino acid sequence. As in the case of Erf, the transition point corresponds to the boundary between two domains of the protein. This observation has been reported and discussed previously (Yagil et al., 1989) .
A somewhat different example of recombination within a coding sequence comes from the head portal and protease genes, genes 3 and 4, of HK97 and HK022 (corresponding to l genes B and C). Over the surrounding portions of the head gene region these two phages are nearly identical ($99.8 % nucleotide identity), and this makes it possible to detect a $700 bp stretch of sequence for which the match is lower but still very high, at 89 % identity. The section of reduced similarity spans from codon $326 of gene 3 to codon $128 of gene 4. It appears that an ancestor of one of these phages enjoyed a recombination event with another phage carrying very similar but non-identical portal and protease genes, with the result that a segment of the second pair of these genes was substituted for the resident segment. The 76 nucleotide differences in this region give rise to six conservative amino acid substitutions, three Ser to Ala, one Ala to Ser, one Leu to Ile, and one Met to Leu. The two slightly different versions of the portal and protease genes that resulted from this process, i. evidently both functional. We suggest that the substitution was successful, not because the substituted region de®nes an independent functional unit as in the cases cited above, but simply because the substitutions that resulted were functionally neutral. As in the cases above, this example is compatible with the hypothesis that recombination events can occur virtually anywhere in the genome but that the resulting recombinants survive only if biological function is not disrupted. It was ®rst observed in the comparisons of lambdoid phage genomes by heteroduplex mapping (Simon et al., 1971 ) that sequence transitions of the sort we are discussing are much more sparse in the head and tail genes of these phages than in the early genes. Our comparisons corroborate this observation (see Figure 1 ). The explanation generally given for this lack of recombinants, with which we agree, is that the head and tail genes encode groups of proteins that have co-evolved to interact intimately in the structures they build, and that mixing head genes (for example) from two different phages is likely to produce a non-functional group of head proteins (each member of which would be functional in its native context). The example cited in the previous paragraph argues that recombination between different phages can occur and persist in the head genes if it does not disrupt function. We do see several, more substantial sequence transitions in our comparisons of the head and tail regions of l, HK97 and HK022. These are described and discussed below. (There is no detectable sequence similarity between P22 and any of the other three phages in the head and tail regions.)
Evolutionary relationships and phage biology
In addition to illuminating the general patterns in which putative recombination sites are found, as described above, comparisons of the sequences of these phages yield a number of independent examples in which differences between genomes are apparently informative about some aspect of phage function or phage evolution. We present these below, roughly in the order of their appearance on the genomes.
Possible portable expression units: morons
The head and tail gene regions of l and HK97 share weak sequence similarity over slightly less L and R indicate transcription in the leftward and rightward directions, respectively, in reference to the standard orientation of the map.
The basis for functional assignments is as indicated in Table 1 . than half of their length. Through this region, and in the region with no detectable similarity between the phages, there is a striking similarity in the apparent organization of genes (Figure 4 (a)). Thus, for every head or tail gene in l, there is a corresponding HK97 gene of similar size and, at least in the cases where information is available, analogous function. The only signi®cant exception to this (beyond some remodeling of gene arrangements around the capsid subunit genes; Duda et al., 1995a) is that HK97 has three segments of DNA that are absent from l. These may be regarded formally as DNA segments that were inserted into a l-like ancestor to produce HK97, or as segments that were deleted from a HK97-like ancestor to produce l. Figure 4 (b) shows the sequence of one of these regions from the gene 14-15-16 region of HK97. Gene 14 corresponds to l gene T, and gene 16 corresponds to l gene H. The termination codon of gene T overlaps the initiation of gene H in l, so the``inserted'' DNA in HK97 is roughly the 289 bp between genes 14 and 16. There is one plausible gene sequence within this region (gene 15), that has a good Shine-Dalgarno sequence and is predicted to encode a protein of 62 amino acid residues (see Figure 4 (b)). Between gene 15 and the two adjacent genes there are uncharacteristically large non-coding spaces: 57 bp between genes 14 and 15 and 43 bp between genes 15 and 16. However, we ®nd sequences in these spaces that we interpret provisionally as transcription control signals. Thus starting at the sixth base-pair after the termination codon of gene 14 is a plausible À35 region of a s 70 promoter, followed by a canonical 17 bp spacing and a plausible À10 region. The transcription start site of this promoter would be 6 bp before the Shine-Dalgarno sequence of gene 15. On the downstream side of gene 15 there is an inverted repeat in the sequence followed by eight thymine residues; the corresponding RNA would be expected to make a stable stem-loop structure, and this sequence therefore has the characteristics of a r-independent transcription terminator. On the basis of these features of the sequence, this $300 bp``insert'' has the appearance of being a genetic module, with a transcription promoter and terminator¯anking a protein coding gene. Given these properties and its location and orientation, we expect that gene 15 would be expressed from a repressed HK97 prophage, driven from its associated promoter, as well as during lytic growth of the phage, both from its own promoter and from the phage late promoter. We have no direct evidence to indicate whether these putative transcription control elements actually function as such. However, our con®dence that the sequences anking gene 15 are functionally meaningful is increased by the fact that we ®nd a sequence organization similar to that described here in ®ve other DNA segments in HK97 and HK022 (described below). Each of these segments, like the gene 15-containing segment, is located between two genes for which the homologous genes in one of the other phages in this reference group are adjacent, that is, the segment can be thought of formally as having been inserted between two genes of an ancestral phage. To provide a simple way to refer to these DNA segments, we propose to give them the name, moron, to indicate the fact that when one is present in the genome there is more DNA than when it is not present.
HK022 has three morons (Figure 4(a) ). Considering ®rst the rightmost, this sequence contains a homolog (76 % and 64 % amino acid sequence identity) of the cor genes of phages f80 and N15, respectively,¯anked by putative promoter and terminator elements as in the gene 15 moron. The cor gene in f80 is reported to prevent superinfection of a f80 lysogen by f80 or other phages that use the same cell-surface receptor, probably by encoding a protein that goes to the outer membrane of the cell and interacts with the receptor (Matsumoto et al., 1985) . On this evidence, cor must be expressed from the repressed prophage, in accordance with our prediction about expression of morons.
HK022 has a second moron, organized around gene 20, which lies between the homologs of l tail genes K and I. Gene 20 is predicted to encode a 73 amino acid residue protein, and it is¯anked by a putative promoter and terminator as in the other cases. Sequence searches show that this moron has sequence similarity to two morons in HK97. First, the protein sequences encoded by the HK022 gene 20 moron and the HK97 gene 15 moron are weakly but signi®cantly related (48 % amino acid identity over 46 residues). HK022 does not have a moron (or any gene) at the position of gene 15 in HK97, so we might speculate that whatever function is provided to HK022 by its gene 20 is provided to HK97 by its gene 15. The second sequence match to the HK022 gene 20 moron is in the corresponding position in HK97, i.e. between genes 19 and 21. In this case, the sequence similarity is high (99 % nucleotide sequence identity, extending through the entire moron). However, the part of the sequence corresponding to gene 20 has an amber termination codon in place of a glutamine codon at codon 33. We speculate that HK97 may have had an intact``gene 20``in the past but that it was inactivated by mutation. If we assume that the intact gene 20 provided some advantageous function to the phage, and that the homologous gene 15 duplicated that function, then HK97 may have lost its gene 20 subsequent to its acquisition of the gene 15 moron, either because there was no selective advantage to maintaining redundant functions or possibly because the two proteins interfered with each other's function.
Finally, there are moron-like sequences in both HK97 and HK022 between genes 21 and 24. These are more complex in structure than the morons described above. Although they are embedded in a region of the genomes where the two phages are highly similar in sequence, the two morons are largely dissimilar in sequence though similar in structure. Figure 4 (c) illustrates their structures and sequence relationships. Both phages have an apparent gene starting soon after the end of the upstream gene 21; however, we do not detect any sequence that could be considered a promoter in either case, so we expect that these genes (genes 22) would be expressed under the same transcriptional control as for the majority of the genes in the late operon. Overlapping the ends of these genes, both phages have a small gene in the opposite orientation,¯anked in moron fashion by a putative promoter at its right (upstream) end and a putative terminator at its left (downstream) end. In the case of HK022, this backwards oriented gene is a previously characterized gene called srb (Atkinson & Gottesman, 1992) , which has a function related to initiation of transcription from the phage's late operon promoter. We would expect that srb (and the corresponding gene 23 in HK97) would be expressed from its promoter in a repressed prophage. This transcription would also presumably occur during lytic growth of the phage, but translation of the srb mRNA might be shut off late in the life-cycle due to an antisense effect of the opposing late operon transcript.
As suggested above, a simple sequence comparison cannot distinguish between the hypothesis that the presence of a moron re¯ects a past DNA insertion event and the hypothesis that absence of a moron re¯ects a past deletion event. However, when we calculate the G C base composition across the genomes of both HK phages, we ®nd dips in the curves at the positions of the morons ( Figure 5 ). For the gene 15 moron of HK97, for example, the moron itself has 37 % G C, but the 1000 bp stretches¯anking it on the left and right have 55 % and 52 % G C, respectively. Differences in G C content of this sort have been used in other systems to infer that the DNA segment with the atypical G C content entered the genome from some external source relatively recently in evolutionary time (Lawrence & Ochman, 1997) . On this basis, we suggest that the morons are present in the HK phages as the result of insertion into an ancestral phage that lacked them, the ®rst of the two hypotheses stated above.
Other sharp deviations from the average G C content of the left arms of these phages occur at the attachment sites and at the ends of some of the tail ®ber genes, which are indicated in Figure 5 as open boxes. We have no evidence regarding the biological signi®cance of the low G C content at the attachment sites, but we note that the same pattern is seen in other phages we have examined, including lambdoid phages l and P22, and mycobacteriophages L5 and D29. We discuss the tail ®ber genes further below.
Other possible transcription terminators
In addition to the putative transcription terminators that follow the genes of morons, there are several other potential terminator structures at other locations in the HK97 and HK022 genomes, principally but not exclusively among the virion structural genes. Like the terminators associated with morons, the other terminators are located in non-coding regions between genes, except for three which overlap the end of the upstream coding region. The primary nucleotide sequences of the terminators (both those associated with morons and those not) are not generally closely related, but the predicted structures of the RNA stem-loops are very similar: uninterrupted stems 5-8 bp long and rich in G-C base-pairs, four base loops (with a few larger loops), followed by several U bases, sometimes interrupted by one or two other bases, often A. There are 11 of these in HK97 and 13 in HK022. In addition, of the ®ve potential stem-loop structures identi®ed in the late genes of l by Sanger et al. (1982) , four (following genes D, E, I and lom) ®t the pattern of the structures we see in the HK phages. We ®nd three additional examples in the right arm of l, and six such structures in P22. Figure 6 shows the sequences of these 37 potential stem-loop structures. We suggest that the strong conservation of the general features of these structures, including their locations with respect to gene boundaries, argues that they are maintained under positive selection. We consider below what their biochemical function might be.
Discontinuity at the head-tail junction of HK97 and HK022
It was noticed in the early DNA heteroduplex comparisons of lambdoid phage sequences (Simon et al., 1971 ) that a sequence transition within the virion structural genes often occurs roughly at the boundary between the head and tail genes, and we see another example of this in the comparison between HK97 and HK022. If the explanation cited above for why successful recombination events may be rare in the structural genes is correct, namely that the proteins that make up the virion structure have co-evolved while maintaining intimate protein-protein interactions with each other in the structure, and that they therefore cannot be mixed successfully with different sets of structural proteins, then it is unclear why recombination events among these genes would ever survive. Examination of the HK97/HK022 sequence transition suggests an explanation. The transition occurs not at a gene boundary but within the coding sequences of gene 7 of the two phages. We have assigned gene 7 as a likely homolog of l gene FII, a gene that has been studied in some detail (Casjens, 1974) . The product of gene FII, gpFII, is the last protein to join to heads, and it forms a binding site and determines binding speci®city for tails. We suggest that the amino-terminal portions of the HK97 and HK022 gp7 proteins, which are the same in the two phages, include the binding site for the heads, which are also the same in the two phages, and that the carboxy-terminal portions of the proteins, which are different, include the binding site for the tails, which also differ between the phages.
Possible conservation of a translational frameshift site
In phage l, gene V, which encodes the tail shaft subunit, is followed by two overlapping open reading frames, G and T, which are expressed by a translational frameshift mechanism: gene G is translated conventionally at a high level, while T, which is not translated independently, gets expressed when one ribosome out of every 30 translating G undergoes a À1 frameshift into the T reading frame when it arrives at a``slippery'' sequence in the mRNA located seven and eight codons from the end of the G coding region (Levin et al., 1993) . The result is that a large amount of gpG is made along with a small amount of a fusion protein, gpG-T, containing nearly the entire amino acid sequence of gpG fused to the amino acid sequence encoded in the T open reading frame.
The HK97 and HK022 sequences are not detectably related to l, or to each other, in the region corresponding to l G and T. Nevertheless, they appear to have a gene structure similar to the l G/ T arrangement in their genes 13 and 14. There is preliminary evidence that expression by way of a translational frameshift applies in HK97 and HK022 as in l (J. Xu, personal communication). A similar frameshifting mechanism appears to be present in what may be homologous tail genes in the mycobacteriophages L5 and D29 and Streptomyces phage fC31 (Ford et al., 1998; Hatfull & Sarkis, 1993; Smith et al., 1999) . Evidently, this unusual mechanism of gene expression has been preserved in what we presume to be homologous tail genes, in the absence of any recognizable primary sequence similarity.
Tail-length tape measure protein genes
In l, the length to which the tail shaft polymerizes is determined by a template or tape measure protein, gpH, and changes in the length of gpH caused by deletions or insertions in the Bacteriophage HK97 and HK022 Genomes coding region have corresponding effects on the length of the tail (Katsura & Hendrix, 1984; Katsura, 1987) . HK022 and HK97 have tails that are approximately 10 % shorter and 18 % longer, respectively, than l (R.W.H., unpublished results). They are therefore expected to have tape measure proteins of appropriately different lengths than l gpH, and candidate proteins for these roles have been seen in virions (M. Popa & R.W.H., unpublished results). Examination of the HK022 and HK97 genome sequences reveals that they have genes of the appropriate sizes to encode the putative tape measure proteins (genes 16). These genes are in the same position in the gene order as is l gene H and they are homologs of gene H by the criterion that a portion of their predicted proteins shares amino acid sequence similarity with l gpH. The region of shared sequence extends over the carboxy-terminal regions of the proteins, indicating that variations in tape measure length among these phages are located in the amino-terminal portion of the proteins.
Apparent mutations in a l tail gene
The majority of genes in the head and tail gene regions of these phages are arranged with the ends of their coding regions tightly abutted to those of the adjacent genes. Of the exceptions to this rule, most are cases where extra space between coding regions is occupied by the putative transcription terminator structures or moron promoters discussed above. Gene K of l ®ts neither of these prescriptions: there are 148 bp between the end of the upstream gene L and the beginning of gene K, and the end of gene K overlaps the beginning of gene I by 103 bp. In HK022 (and HK97, which is 96 % identical with HK022 in this region), the situation is more usual: genes 18 and 19 (the homologs of l L and K) are spaced apart by 1 bp and gene 19 is followed closely by a moron. The relationships among these genes become clearer when we align them. Figure 7 shows the region around the gene L/K (18/19) junction, with a three frame translation for the l sequence and a one frame translation of the HK022 sequence. It is apparent from this representation of the sequences that the beginning of the HK022 gp18 sequence matches the predicted translation of the l sequence in two different reading frames; this frameshift would be resolved and the differences between the start points of the genes therefore reconciled if l had an extra basepair at the location indicated on the Figure. Formally, the l arrangement could have arisen from an HK022-like ancestor by a 1 bp deletion, or HK022 could have arisen from a l-like ancestor by a one base-pair insertion. Based on the fact that HK022 and HK97 conform to the usual juxtaposed arrangement of head and tail genes and l departs radically, we suggest that the HK022 arrangement is the ancestral state and that the l arrangement is derived. Note that while in principle the unusual start point claimed for the l gpK protein (Sanger et al., 1982) could be an artifactual consequence of an error of sequence determination in the l sequence, we do not believe this is the case, because in the sequence around the end of the gene L coding region there is no convincing ShineDalgarno sequence of the sort we would expect to see if translation of gpK really began here (and as is found in the HK022 and HK97 sequences). It seems likely that the Shine-Dalgarno sequence that we presume was present in the ancestral form of l has been lost by mutation over the time since the proposed 1 bp deletion event. Figure 7 compares the sequences at the K/I (19/ 21) junctions of the two phages. Again the two arrangements can be related in principle to each other by a single genetic event, either a deletion of the material between the points marked A and B from an HK022-like ancestor, or an insertion at point C into a l-like ancestor. As was true for the other end of the gene, it seems more plausible that the atypical l arrangement is derived by deletion from an HK022-like ancestor. An effect of such a deletion is to extend the gpK protein by 18 amino acid residues beyond the position corresponding to the carboxy terminus of the HK022 gp19 protein.
One way to understand the apparent fact that there have been unusual genetic events at both ends of gene K is to postulate that their effects on protein function were compensatory, so that occurrence of the ®rst created a selective pressure favoring the second.
We presume that the generally tightly packed arrangement of the head and tail genes of these phages re¯ects the existence of an evolutionary tendency toward such an arrangement, either because of a selective pressure favoring that arrangement or, perhaps more plausibly, because of a lack of selection against rearrangements of the sequence, such as deletions of intergenic DNA, that lead toward that arrangement. Thus we view the current condition of the l K gene as a snapshot representing a stage in an evolutionary excursion by the gene, which started with the regular arrangement seen in HK022 and HK97, and which will eventually return to such an arrangement, though most likely with a net rearrangement of the protein structure.
Tail fiber similarities
HK97 and l have the same host range, mediated in l by an interaction between the E. coli LamB protein in the outer membrane of the cell and the phage central tail ®ber protein gpJ. The HK97 gene J homolog, gene 24, has weak similarity (32 % amino acid identity) to l J that extends through the ®rst 66 % of the HK97 gene. A comparable level of similarity extends upstream from gene J through genes I, K, L, M, and part of H, genes whose proteins probably interact with gpJ (Katsura & Ku È hl, 1975) . The dissimilarity of the C-terminal parts of the HK97 and l J proteins is perhaps surprising, since this region of the l J protein has been shown to interact with the LamB receptor that HK97 and l share (Dhillon et al., 1980; Werts et al., 1994) . This may mean that the interactions between the Nterminal parts of gpJ and the other tail tip proteins place more stringent constraints on sequence drift than does the interaction between the C-terminal part of gpJ and LamB. Alternatively, it is possible that the end of the J genes is an exchangeable module, as has been seen in a different family of tail ®ber genes (Haggard-Ljungquist et al., 1992) corresponding to the stf and tfa genes of l. Such an interpretation is compatible with the G C scan of this region of the genome shown in Figure 5 , in that there is an atypical G C content at the end of the HK97 tail ®ber gene J, suggestive of recent horizontal exchange of sequences at the end of this gene. The relationship between the HK022 J homolog (gene 24) and l J is the same as between HK97 and l, 32 % amino acid identity through the same ®rst segment of the genes (corresponding to 73 % of the HK022 gene) and no similarity thereafter, and in this case the two phages use different cellular receptors. Between HK97 and HK022 the two gpJ homologs are 98 % identical through the ®rst 1145 amino acid residues of the proteins and unrelated for the remaining 151 residues of the HK97 protein and 38 residues of the HK022 protein. This relationship argues for recent horizontal exchange into the sequences at the ends of at least one of these J genes, and this reinforces the inferences drawn above based on G C content.
Analysis of the tail ®ber genes of a broad range of E. coli phages showed that there are often two genes encoding the tail ®bers (corresponding to the side tail ®bers of l), the ®rst accounting for the main structure of the ®bers and the second having a role in assembly of the ®bers (HaggardLjungquist et al., 1992) . The sequences within these genes, especially the ®rst group, are typically mosaic within their coding sequences. HK97 genes 28 and 29 ®t into this scheme. The product of gene 28 makes convincing matches to the tail ®ber proteins of phages l (gpStf), P2 (gpH), and T4, and its relatives (gp37 and gp12), and to the ®ber-related proteins of defective prophage e14 (P-min) and plasmid p15B. Some of these matches cover only part of the gp28 sequence, in keeping with the intragenic mosaicism of other tail ®bers; a notable example is in the comparison between HK97 gp28 and the corresponding e14 gene product, in which the two amino acid sequences are 79 % identical between residues 158 and 261 of gp28 and not detectably related upstream from that region. The product of gene 29 matches the tail ®ber assembly genes of e14, p15B, l, and T4.
HK022 has three genes that are candidates for tail ®ber genes of the stf and tfa families, based on their map position; genes 25, 26, and 28. However, database searches do not give any match between the products of genes 25 or 26 and any established tail ®ber proteins. (These genes do match the products of the two corresponding genes of bacteriophage N15, which are similarly located and arranged in that phage.) In contrast, HK022 gene 28 does match HK97 gene 28, with 89 % amino acid identity over the ®rst 136 codons. HK022 apparently does not have a homolog of the l tfa gene family.
Variation in the central region
A 5 kb region of sequence in the center of the phage l genome, de®ned by the classical b2 deletion (Kellenberger et al., 1961) , is dispensable for l growth in the laboratory. Early heteroduplex studies (Simon et al., 1971) showed that some other members of the lambdoid family have comparable regions in the centers of their genomes that are apparently not homologous to the l b2 region. HK97 and HK022, in contrast, do not have such an extended b2 region. The tail ®ber genes and the sib regulatory element, which are separated in l by 4980 bp, are separated in HK97 by only 228 bp. However, that 228 bp contains evidence that HK97's ancestors may have had more extensive material in this region. Immediately to the left of the HK97 sib region (which is identical with the l sib region) is 109 bp of sequence that is 86 % identical with a non-coding region in the left half of the l b2 region, such that the HK97 sequence could have been created from the l sequence in this region by a 3278 bp deletion starting immediately to the left of sib. Starting 17 bp to the left of the 109 bp l homology is a segment with 49/51 bp identity to a non-coding portion of the type I Shiga-like toxin operon, and 52 bp to the left of this segment is the end of the last tail ®ber gene. HK022 has a similarly truncated region between its tail ®ber genes and its sib element; we have not detected any database match to it.
Apparent loose organization in the left early operon
In the region of HK022 between the int and xis genes on one side and the generalized recombination genes (39-41) on the other, there is a series of seven genes (32-38) of unknown function. Super®-cially, these appear to be ef®ciently organized, with little space or overlap between genes and with plausible Shine-Dalgarno sequences and generally good coding potential across their lengths. However, closer examination suggests that these genes may have undergone relatively recent rearrangements (see Figure 8 ). For example, the predicted product of HK022 gene 35 makes a convincing sequence match to the carboxy-terminal half of the product of the P22 eaA gene (the eaA gene is in the corresponding part of the P22 genome); sequences corresponding to the amino-terminal half of eaA are not present in HK022. Gene 35 also matches a second ORF in P22 and a portion of an ORF in each of phages 933W and VT2-Sa. The predicted product of HK022 gene 37 makes two short but convincing matches to the l Ea22 protein, a 24/26 amino acid residue match starting with residue 40 of gp37 and a 24/24 base-pair match covering the last eight codons of the two genes. From the beginning of gene 37 up to where the match to l Ea22 begins at codon 40, the predicted protein matches the beginning of a protein of unknown function encoded in the E. coli genome. Other regions of HK022 gp37 do not make detectable matches to the databases. A similar intragenic mosaicism was noted (Wulff et al., 1993) between the l Ea22 protein and the P22 EaD protein, which match at a high level over their ®rst 37 codons and poorly thereafter. In HK97, this region of the genome is much shorter than in HK022, the HK97 organization can be understood formally as having arisen from HK022 by a deletion of 2.2 kb and a substitution of 250 bp from some other source, with the result that HK97 gp37 matches HK022 gp32 at its C-terminal end, HK022 gp37 at its Nterminal end, and something unrelated to HK022 in its middle.
Another example occurs in HK97 immediately downstream of gene 37, in a 34 codon ORF (not listed in Table 1 ). This``gene'' starts with a good Shine-Dalgarno sequence and the ®rst 11 codons are related (29/33 bp identity) to the ®rst 11 codons of the l ea22 gene. This is followed by 18 codons of unknown provenance, and the sequence then enters a segment with 50/51 bp identity to a region from within the coding region of the P22 xis gene. The HK97 34 codon``gene'' enters this P22 sequence in a different frame from that used in the P22 xis gene, and it terminates after ®ve codons. The impression given by these examples is that there is a substantial amount of reassortment of segments of coding regions among genes in this region. It seems unlikely, though not impossible, that all the different versions of the resulting proteins are fully functional, and we suggest that many of the genes in this region of the genome are on their way from and (possibly) on their way to a functional state, and that we have caught them in transition. That notwithstanding, the l Ea22 and Ea8.5 proteins, as well as several of the P22 proteins from the corresponding region, are expressed and are detectable during a phage infection (Hendrix, 1971; Youderian & Susskind, 1980) .
The early regulatory region
HK97 gene 47 lies in the position expected for a homolog of the l N gene, which encodes a transcription anti-termination protein. Its best match to the available sequences (save for the two nearidentities mentioned below) is a 38 % amino acid sequence identity between its predicted protein and gp24 of P22, the P22 homolog of the l N pro-tein. Curiously, the termination codon of HK97 gene 47, which corresponds in position to the termination codon of P22 gene 24, is followed by 16 sense codons plus a termination codon with clear similarity (14 of 16 amino acid identity) to the last 17 codons of the phage 21 N gene. We believe it is unlikely that this fragment of a 21-like N gene provides any advantage to HK97, and therefore we speculate that it is the relic of an out-of-register recombination event, with little or no functional signi®cance. The corresponding``N``genes of lambdoid phages H19B (Neely & Friedman, 1998) and 933W (Plunkett et al., 1999) have the same arrangement as HK97 gene 47, including the 21-like gene fragment and nearly identical DNA sequence, suggesting that this gene and its associated gene fragment have been distributed by recombination among at least these three phages in very recent evolutionary time. Experiments with the N gene of H19B show that it functions like the l N gene (Neely & Friedman, 1998) ; the great similarity between the H19B and HK97 N gene sequences argues that the HK97 gene is also functionally an N gene. As described in detail elsewhere (Robert et al., 1987; Weisberg et al., 2000) , the HK022 gene in this position is the nun gene, which functions somewhat similarly to N but to substantially different effect.
HK97 has the same immunity as l, and in accord with this the cI repressor gene sequences are nearly identical, differing in 17 nucleotides, which translates into two conservative amino acid changes between the predicted proteins. The Cro proteins are also predicted to be nearly identical, and the two operators to which both CI and Cro bind differ by only 1 bp between the two phages. Figure 9 shows a dot matrix comparison of the immunity regions of l and HK97. Note that the sequence similarity extends only over the two repressor genes (cI and cro) and the two operators on which they act (O L and O R ); the¯anking regions are completely divergent. We take this to represent co-segregation of interacting, co-evolved sequences, presumably mediated by selection for immunity function acting on diversity generated by recombination.
The``nin'' regions
Between the DNA replication genes (O and P) of l and the regulator of late transcription (gene Q) lie ten genes of largely unknown function (though functions have been inferred for some of them (Holli®eld et al., 1987; Mahdi et al., 1996; Sawitzke & Stahl, 1994; Sharples et al., 1998) ), which can be deleted without serious effects on l growth in the laboratory. This group of genes is referred to as thè`n in'' region from the name of a deletion with an N-independent phenotype, nin5, which covers this region. These genes are remarkable for the regularity and ef®ciency with which they are packed together, with the termination codon of one gene typically overlapping the initiation codon of the next gene (Kroger & Hobom, 1982) . Comparison with the corresponding regions of HK022, HK97 and P22 (Figure 10 ) shows that these phages have similar groups of genes, similarly tightly arranged, and that some but not all of the nin region genes of any one phage match those of any other member of the group. Despite their dispensability for laboratory growth of l, these genes are clearly under positive selection, as can be seen by the preservation of the ORFs from one phage to another, as well as by the preservation of the amino acid sequences encoded by them. In a comparison of the ORFs 146 of l and HK97 (HK97 gene 61; also known as gene orf in l), for example, there are 16 nucleotide differences between the sequences, but only two of those translate into changes in amino acid sequence; this argues for selection at the level of protein function.
Another striking feature of these nin region comparisons is that each different phage has a different set of genes in this region, as if each phage had drawn a set of about ten genes for this region from a larger set of genes available to it. By noting how often a particular gene appears once, twice, or three times among the four phages illustrated in Figure 9 , and making some simplifying assumptions (equal frequency of the different genes in the pool, random selection of genes from the pool), we calculate that there must be $30-50 genes in the lambdoid nin region gene pool, from which each phagè`c hooses'' about ten. Each individual set of genes must confer a particular set of capabilities on the phage that carries it. Consequently, we propose that a function of the nin region genes is to adapt the phage to a particular ecological niche. Other noteworthy features of this region include the facts that ORF 241 (gene 64) of HK97 and HK022 shares sequence similarity in its downstream half with genes ant1 and kilA of phage P1 (Yarmolinsky & Sternberg, 1988) , and that ORF 221 of l is a homolog of a mammalian protein phosphatase (Cohen & Cohen, 1989) . In the only departure from regular juxtapositions of genes, HK97 and HK022, relative to l and P22, have an additional 215 bp and 1462 bp, respectively, in the region just to the left of their genes 61. Since the neat gene packing arrangement in l and P22 is disrupted in HK97 and HK022, it seems likely that the arrangements in HK97 and HK022 were derived by insertion into a l-like ancestor. (For example, HK022 gene 57 does not have a convincing Shine-Dalgarno sequence, and it overlaps the very short upstream gene 56, which has a good Shine-Dalgarno sequence. This has the appearance of a frameshift error in the sequence determination. However, our sequence data are redundant and unequivocal on both strands through this region, so our belief is that the``error'' is in the actual sequence and not the sequence determination.) Finally, as Figure 10 shows, some of the nin region genes match some sequence from E. coli, which is located about 1 kb upstream from a Shiga toxinlike operon. This sequence, which we presume to be part of a prophage carrying the toxin operon, has a frameshift in the homolog of P22 orf58 and an insertion sequence in the middle of the homolog of P22 orf110. This suggests to us that selection pressure has been off the prophage genes that would function during lytic growth for long enough that they have begun to accumulate mutations and become non-functional.
Discussion
Genome organization and structure HK97 and HK022 are seen here to have genome organizations that are very similar to each other and to the two other members of the family used for comparison, l and P22. This similarity includes both the genetic functions that are present and the order of genes along the genome. The similarity of genes and gene order presumably accounts for the fact that hybrids between members of this family can be created easily, in that a single reciprocal recombination event between corresponding positions in two genomes of the family will produce progeny with full sets of the essential genetic functions of the family. However, within the context of those organizational similarities, the phages can be very different in sequence at any one position in the genome. For the four phages compared here, for example, there are only four genes (the Q antiterminator gene, the S holin gene, and two small genes in the nin region) that are present in essentially the same form (>90 % nucleotide sequence identity) in all four phages.
Inferences about evolution and population structure
The comparisons of genome sequences we describe here show that these phages are genetic mosaics which, in the context of a common gene organization, can have any of a variety of more or less related sequences at any one functional position in the sequence. That much has been clear since the comparisons of lambdoid genomes by DNA heteroduplex mapping 30 years ago (Simon et al., 1971) . The more precise comparisons that are made possible by the availability of complete genome sequences allow us to decipher the nature of the mosaicism at a more detailed level. In particular, the precise locations of the mosaic boundaries, which we take to be sites of ancestral illegitimate recombination, are revealing. They are far from random in their locations, with most mosaic boundaries falling at or very near gene boundaries, but not at every gene boundary; in a few cases, the mosaic boundaries fall within coding regions. The most economical hypothesis we are aware of to explain the particular pattern of mosaicism we see is that mosaic boundaries can occur where they do not disrupt function of the genetic material and not elsewhere. Thus few mosaic boundaries fall within protein coding regions, consistent with the view that a protein that is a mosaic of two structurally distinct proteins (albeit two proteins with a common function) is unlikely to be fully functional. When a mosaic boundary does fall within a coding region it is often possible to identify the location of the boundary as coinciding with a domain boundary in the protein. Similarly, for genes whose proteins must interact intimately, for example the head structural genes, there is typically no mosaic boundary within the group of genes whose protein products are thought to interact closely. In sum, these genomes appear to be mosaics of functional units, where the functional units may be individual genes, groups of genes whose products interact intimately, or portions of genes encoding a functional domain of the protein.
The locations of mosaic boundaries do not seem to be rigidly ®xed, however, and we do not suppose that the illegitimate recombination events that give rise to them are constrained to occur only at certain sites. Rather, we suggest that such recombination can occur virtually anywhere along the sequences of the phages but that only the minority of recombination events that do not damage function in the recombined genome survive to be detected in our sequence comparisons. Support for this view comes from the observations that there is no discernible sequence difference between sites where recombination is observed and where it is not, that independent recombination events at the same gene boundary can occur at locations separated by several nucleotides, and that in regions that do not contain protein coding or other obviously functionally important sequences, there is often evidence of multiple recombination events. This is not to deny that``microhomologies'' between two sequences, such as could be provided by the common presence of Shine-Dalgarno sequences and initiation codons at the beginnings of genes, might bias the locations of recombination events (Baker et al., 1991; Campbell, 1994) . Note that the fact that the mosaic boundaries can be described as having resulted from a single illegitimate recombination event does not imply that they must necessarily have arisen in that way. The example of the HK97 N gene described above may represent an intermediate stage in a two-step mechanism to generate a precise mosaic boundary: the current arrangement of this gene is most easily explained as the product of an out of register recombination that resulted in a tandem, non-identical duplication of the end of the N gene (but one that is evidently still functional). If this phage were to suffer a small deletion just downstream of its N gene, the resulting sequence would have the appearance of the product of a single, in-register, illegitimate recombination event.
The recombination events that give rise to the mosaic boundaries could occur when a host cell is simultaneously infected by two lambdoid phages. However, it is likely that a much more frequent source of such events is recombination between an infecting phage and a resident prophage (Campbell, 1988) . Given the widespread occurrence of prophages, complete or partial, in bacterial genomes, it is likely that a lambdoid phage will ®nd an opportunity for recombination with prophage genes in virtually any host it infects. Laboratory experiments on frequencies of illegitimate recombination suggest that this is a relatively rare occurrence, perhaps 10 7 -fold less frequent than homologous recombination, but it has evidently occurred many times over the evolutionary history of the lambdoid phages. Homologous recombination on the other hand occurs with high frequency, with a considerable number of the progeny of a lambdoid phage infection being products of such recombination. Homologous recombination thus provides a mechanism for the novel combinations of genes (or groups of genes, or segments of genes) produced by illegitimate recombination to be reassorted with each other and spread through the population at a high rate.
The genes of these phages are generally very tightly and ef®ciently organized, with little or no space between genes. For the most part, in cases where there is space between genes, it is occupied by known or suspected regulatory sequences such as promoters, operators, and terminators. This description applies particularly to those genes and sites that are known to have important roles in the phage life-cycle, and we presume it re¯ects a long history of selection for those functions, imposed on diversity generated by mutation and recombination. There are, however, some regions of these genomes that contain relatively long stretches of DNA with no apparent protein-coding or other function, for example, much of the DNA at the right ends of the genomes beyond the lysis genes, and other regions, such as the region upstream from the int and xis genes, for which comparisons among genomes suggest that the genes that are seen there are relatively recent composites of pre-viously existing genes. Although it is dif®cult to be certain, it appears likely that some or all of this DNA is not providing a speci®c selective advantage to the phage. If so, the question arises why this DNA persists in the phage genome, particularly in light of the observation that the majority of the genome gives the appearance of very parsimonious use of the DNA.
A striking feature of the sequence similarities among lambdoid phages described here and elsewhere in the literature is that, not only do any two phages of the family share related sequences, but that some of the sequences are very close indeed, 97-98 % identical in nucleotide sequence or better. Thus, the N genes (plus their 21N-like appendix) of HK97, 933W and H19B are >97 % identical in pairwise comparisons; the cI, cro, and int genes of lambda and HK97 are 97-98 % identical; lambda and 933W share $4kb of 97 % identical sequence in the region to the left of the immunity region (Plunkett et al., 1999) ; and HK97 and HK022 show $10 kb of >97 % identity in the region crossing the cos sites. These similarities argue that these phages have been in genetic contact with each other in recent evolutionary time; that is, within the time it takes for their sequences to drift apart by 2-3 %. The fact that these phages show such high levels of similarity argues that recent genetic communication among the lambdoid group has taken place over a geographical span including at least Hong Kong, North America and Europe (or South America). We do not yet have a way to calibrate how long``recent evolutionary time'' actually is in this context. However, we believe these data suggest that on that time-scale, the lambdoid phages have effectively constituted a single genetic population with a global range.
Functional inferences
In addition to allowing inferences about evolutionary mechanisms and about the structure of bacteriophage populations, sequence comparisons of the sort reported here make possible certain inferences about biological function and insights into other features of the sequences that could not be derived from examining any single genome sequence alone. Perhaps the clearest example of this is in the inferences that can be drawn about which elements of a multi-component system interact directly with each other based on observing which genetic elements segregate together. The example shown in Figure 8 , in which the HK97 and l cI and cro genes co-segregate with the two operators that the CI and Cro repressors act on, illustrates a correlation between co-segregation of sequences and biochemical interaction for a system that is well characterized biochemically. We make similar suggestions above about the interaction of the two domains of the Erf protein with other components of the recombination apparatus and about the structural and functional organization of the gpF II protein and its homologs in providing a structural adapter between heads and tails of virions. These suggestions will require testing by direct experiment before they can be fully evaluated. Nonetheless, the availability of multiple genomic sequences, and comparisons among them, have allowed us to make clear, speci®c, and testable predictions about the biochemical behavior of these systems.
The morons in the tail gene region of HK97 and HK022 might have been evident without related sequences for comparison, but the availability of comparison genomes has emphasized their presence and the possibility that they may be mobile elements. These elements have a putative promoter followed by a protein-coding region and a putative stem-loop (r-independent) transcription terminator. On this basis we expect that they should be expressed from a repressed prophage. In the case for which evidence is available on this point, the f80 cor gene, which is a homolog of the HK022 gene 27 moron, expression does occur from the prophage. We suggest that, as is evidently true for the cor moron, all of the morons may supply functions that confer a selective advantage on the host. In this sense, the morons may be a means by which the prophage pays rent to the host cell.
In l, the lom gene, which is in an analogous position in the gene order to that of cor in f80 and HK022, is followed by a stem-loop terminator structure. We have not been able to recognize a promoter sequence upstream from lom, but there is in fact presumptive evidence that lom is expressed from the prophage (Reeve & Shaw, 1979) , which argues that some part of the upstream sequence can act as a promoter. The l bor gene, a virulence factor that is oriented backwards to late lytic transcription and located near the beginning of the late operon, is also likely to be expressed from a repressed prophage (Barondess & Beckwith, 1990) . In this case, we ®nd no recognizable promoter nor terminator sequences, but if bor is in fact expressed, there must be promoter activity. The occurrence of morons may not be limited to the lambdoid family of phages; for example, gene 32 of the Streptomyces phage fC31 is¯anked by a promoter and terminator (Smith et al., 1999) , it is expresed from the prophage (Howe & Smith, 1996) , and it is absent in the corresponding region of the otherwise very similar phage fBT1 (M. Smith, personal communication). Finally, although they are by now embedded in more complex regulatory circuits, the repressor genes of the lambdoid and other phages, together with their promoters and terminators, could be regarded as morons.
In addition to the stem-loop putative terminators following the moron genes, there are seven other such potential stem-loop structures in HK97 and nine in HK022, plus three in l and two or three in P22. These``free-standing'' stem-loops occupy space between two genes, as do the stem-loops that are parts of morons. They differ from the moron case in that the gene immediately upstream is one that appears to be a more universal and per-manent part of the genome than is the case for the moron genes. A simple hypothesis for the origin of the free-standing stem-loops is that they mark a place where there was a moron in the past but that all of the moron except the stem-loop has been lost by deletion. Whether this is correct or whether the free-standing stem-loops have some other origin, their presence in the phage genome argues that they provide some selective bene®t either to the phage directly or to a cell carrying it as a prophage.
We have no direct evidence that the stemloops function as transcription terminators. However, since their oligo(U) stretches give them a polarity, we are able to say that they are all oriented in the same way with respect to the direction of transcription; namely, in the direction that would allow them to act as terminators. This is true as well of the stem-loops associated with the reverse-oriented morons of genes 23 of HK97 and HK022: although the stem-loops are backwards with respect to transcription from the late lytic promoter, they are in the correct orientation to terminate transcription from the moron promoter. We have entertained the possibility that the stem-loops have some function related to transcription or expression of mRNA other than termination; for example, modulating the stability of the part of the mRNA with which they are associated. However, we consider this or other schemes in which the stem-loops have differential effects on mRNA function unlikely because the distribution of stem-loops among the head and tail genes of these phages is different for each phage, even though the roles in virion assembly and structure of the homologous genes (and any special requirements they may have for regulation of their expression) are very likely the same for the different phages. Consequently, we suggest that the role of the stem-loops is in fact termination. In the case of the moron-associated stem-loops this would prevent transcription of the moron from extending into the surrounding prophage genes; in the case of the free-standing stemloops, it would curtail inappropriate transcription of prophage genes whether it originated from outside or within the prophage DNA. We note that it is possible for such transcription terminators to be located in these phages without interfering with lytic growth of the phage because the RNA polymerase that carries out lytic expression of these genes has been acted on by the late regulator (``Q'') protein with the effect that it reads through termination signals. Thus in this sense, one consequence of having an antitermination mechanism for lytic transcription is to allow the prophage to act as host to morons and to carry other terminators that keep prophage genes (except moron genes) silent.
An implication of this line of argument is that it is important for a prophage to maintain transcriptional silence (excepting moron genes). If so, a prediction is that other temperate phages will also have a mechanism for maintaining transcriptional silence in the prophage. We argue elsewhere that this is true for temperate mycobacteriophages L5 and D29 (Brown et al., 1997; Ford et al., 1998) . L5 is not known to use an anti-termination system, and it does not have terminators of the sort we ®nd in the lambdoid phages. However, it does have numerous repressor binding sites (``stoperators''), which cause abortion of transcription when repressor is bound. We believe that this has the same effect in L5 that we envisage for the terminators in the lambdoid phages; namely, to stop undesirable transcription from the repressed prophage but to allow transcription of those same sequences once the lytic cycle has been entered.
Materials and Methods
Bacteriophage strains HK97 and HK022 were obtained as prophages of E. coli K12 from Dr Tarlochan Dhillon in about 1982. DNA for sequencing HK97 was derived from virions produced by UV induction from the original lysogen. HK022 virions were made by infection of a liquid culture using a phage derived from the lysogen that had been stored and used in the laboratory of Dr Robert Weisberg.
Gene numbering scheme
Genes were numbered in order from left to right on the genome maps. Numbers were skipped on one phage or the other to allow genes that are homologs between the two phages to have the same number. For genes that are homologs of a well-characterized gene of l or P22 (e.g. int, cI, erf), we propose that these names be used in preference to the numbers, as is already the practice in the literature.
Sequence determination
DNA sequence was determined using dideoxynucleotide chain terminators (Sanger et al., 1977) . For HK97, sonicated and repaired phage genomic DNA was cloned into M13mp18 and the sequence determined with singlestranded DNA templates and a universal primer. Products were labeled by incorporation of [a- 35 S]thioATP, separated on a gel, and analyzed by exposing X-ray ®lm to the dried gel and reading the sequence manually as described (Duda et al., 1995b) . Individual sequences were aligned and edited in the GCG suite of programs (Genetics Computer Group, Madison, WI).
For HK022, genomic DNA was cut randomly with DNase I and cloned into the EcoRV site of pBluescript SKÀ (Stratagene, La Jolla, CA), as described (Ford et al., 1998) . Thermocycling sequencing reactions were carried out with¯uorescently labeled dideoxy terminators, and the products were analyzed with an ABI 377 sequencer (Perkin-Elmer Corp., Applied Biosystems Div., Foster City, CA). Individual sequences were aligned and edited in the program Sequencher (Gene Codes Corp., Ann Arbor, MI). All parts of the sequences for both phages were determined completely on both strands.
The structure of the ends of the mature DNA from virions was determined by using synthetic oligonucleotides to prime thermocycling sequencing reactions in the directions of the predicted positions of the ends. Comparisons of the results with the sequence of the annealed ends, derived from the main sequencing project, gave the structures reported in the text. As a control, the structure of the ends of phage l virion DNA was determined in parallel and the expected results were obtained.
The N-terminal sequence of the HK022 major tail subunit was determined from the protein in the corresponding band of an SDS/polyacrylamide gel of puri®ed virions. The appropriate band was identi®ed, as described earlier for HK97 (Popa et al., 1991) , as the only non-head protein suf®ciently abundant to account for the tail shaft structure. The band from the gel was transferred to PVDF paper (BioRad, Hercules, CA) and stained with Coomassie brilliant blue dye. A paper strip containing the band was excised (LeGendre & Matsudaira, 1989) , and N-terminal sequence analysis was performed on a protein sequenator (Porton 2090E, Beckman Instruments, Inc., Fullerton, CA).
Sequence analysis
The sequences were compared to each other and to other sequences in the databases using the FASTA and TFASTA programs as implemented in the GCG package of programs and at both the nucleotide and amino acid levels using the gapped Blast and Blast 2 programs available from the National Library of Medicine. GeneMark was used for initial identi®cation of coding regions.
Data Bank accession numbers
The sequences are available in GenBank under accession numbers AF069529 (HK97) and AF069308 (HK022).
